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Abstract— We measure the frequency dependence of a niobium 

microstrip resonator as a function of temperature from 1.4 to 8.4 K. 

In a two-micron wide half-wave resonator, we find the frequency of 
resonance changes by a factor of 7 over this temperature range. 
From the resonant frequencies, we extract inductance per unit 

length, characteristic impedance, and propagation velocity (group 
velocity). We discuss how these results relate to superconducting 
electronics. Over the 2 K to 6 K temperature range where SCE cir-

cuits operate, inductance shows a 19 % change and both impedance 
and propagation velocity show an 11 % change. 
 

Index Terms—Superconducting materials, Kinetic inductance, 
Superconducting electronics, Nb, Superconducting resonators 

I. INTRODUCTION 

Superconducting electronics (SCE) is a blossoming field that 

aims to build logic circuits using Josephson junctions as the 

switching elements and superconducting wiring to create induc-

tors and interconnects [1]. Because SCE circuits encode data 

using flux quanta, inductances are critical design parameters.  

However, many factors affect inductance including film com-

position, geometry, and temperature. Even with chips immersed 

in a helium bath, changes in elevation produce ~ 0.2 K varia-

tions in chip temperature. Cryocoolers can cool chips further 

down to ~ 2.7 K. Dense circuits may have hot spots. As SCE 

design methodologies advance and make use of modern elec-

tronic design aids [2] incorporating a detailed understanding of 

inductance into circuit design will result in more robust circuits 

with larger margins. 

In this paper, we discuss measurements of inductance of 

sputtered niobium, Nb, films using a microstrip resonator. This 

method has been used in the past and is robust enough to be a 

basis for extracting London penetration depth,  measurements 

of superconducting films [3]. Superconducting circuits also use 

microstrip like structures for passive transmission line intercon-

nects (PTLs) [4,5,6,7]. Our measurement shows that the induct-

ance of our films is a strong function of temperature above ~ 6 
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K, but displays some temperature dependence even below 4 K. 

These inductance changes are understood as due to variations 

in with temperature, leading to a change in the kinetic induct-

ance of the Nb film. 

We also extract quality factors, Q, of the resonance.  We find 

that the internal Q, Qin ≈ 400 at 4 K for our 3.5 GHz resonator 

and has a strong gradient with temperature.  This indicates that 

in the push for energy efficient SCE circuits [8,9,10], losses in 

clock lines and PTLs, should not be neglected.  

II. SAMPLE FABRICATION 

An example of our half-wave microstrip resonator is shown in 

Fig. 1a, bonded to a test board. Samples were fabricated in San-

dia’s niobium (Nb) tantalum-nitride (TaxN) Josephson junction 

process although the microstrip does not contain any Josephson 

junctions.  Further details on the Nb deposition [12] and the 

TaxN have been given elsewhere [13].  This is a two-layer pro-

cess where the first metal deposition sputters a Nb/TaxN/Nb tri-

layer onto oxidized 150 mm silicon wafers at room temperature. 
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Fig.1.   a) Microstrip resonator chip bonded into measurement board.  The 

chip is approximately 6 mm long and 4 mm high.  b) Coplanar microwave 
feed and parallel plate coupling capacitor. Square are flux trapping moats in 

ground plane. 
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This layer includes a thin 5 nm aluminum (Al) etch stop layer 

embedded in the base electrode. The second metal deposition is 

a Nb wiring hook up layer. To fabricate the microstrip resona-

tor, the trilayer stack is etched down to the Nb base electrode, 

stopping on the Al etch stop layer. This leaves approximately 

200 nm of Nb with a thin 5 nm Al cap which forms the ground 

plane of the microstrip structure. An SiO2 interlayer dielectric 

is then deposited at 250 °C and chemically-mechanically pol-

ished down to 200 nm, the level of the Nb counter-electrode in 

the trilayer structure. The top wiring layer is subsequently de-

posited and etched to yield a 2 m wide, 200 nm thick line ap-

proximately 15.71 mm in length. The resonator is coupled to a 

coplanar waveguide feed line at each end through a parallel 

plate capacitor of approximately 45 fF. The coplanar micro-

wave feed transitioning to a 20 m by 12 m parallel plate cou-

pling capacitor is shown in Fig. 1b.  Measurements of capaci-

tance test structures fabricated nearby yield C0 = 0.188 fF/m2 

specific capacitance. 

III. RESULTS 

Fig. 2 shows broad-band microwave transmission (S21) 

measurements from 1 GHz to 6 GHz of the micro-strip resona-

tor at 4 K (blue), 6 K (red) and 7 K (yellow). The data were 

measured with a vector network analyzer in a probe equipped 

with a Lakeshore thermometer positioned close to the sample. 

Measurements used low microwave power to avoid heating the 

sample, allowing the temperature to be adjusted by lowering or 

raising the probe in the He vapor above the liquid. Three fea-

tures are evident from these data.  First, the frequency of reso-

nance decreases as temperature increases.  Second, transmis-

sion is lower on resonance for higher temperatures, indicating a 

change in impedance.  Third, the width of the resonance meas-

ured 3 dB below peak transmission is narrowest at the lowest 

temperature indicating lower losses and higher Q. 

Fig. 3 plots the resonant frequency, fpk, versus temperature, 

T, between 1.4 K and 8.35 K. This plot combines data measured 

in a 1 K pot cryostat and in the 4 K dip probe.  In both cases, 

the sample was mounted in vapor and is in good thermal equi-

librium with the thermometer. Errors in temperature are smaller 

than the symbol size. Measurements were performed in a 500 

MHz band around resonance with Pinc  -40 dBm incident on 

the sample, sufficiently low that reducing power further didn’t 

narrow the resonance. Resonant frequencies are determined to 

better than 1 MHz. 

The fpk versus T data track the development of the supercon-

ducting state closely as the sample is cooled.  fpk saturates at low 

temperature, T = 1.41 K, at about 3.502 GHz. At T = 8.35 K, fpk 

= 591 MHz—nearly 7 times lower than at 1.4 K. Our Nb films 

consistently show Tc of 8.4 K. No data was recorded above Tc, 

as transmission is weak owing to the high surface resistance of 

Nb in the normal state. 

A subset of these data were fit to determine the internal and 

loaded quality factors of the resonator, Qin and QL respectively.  

Here QL is the loading on the resonator due to the 50 Ohm en-

vironment of the measurement leads, while Qin is due to losses 

in the resonator, such as finite temperature losses in the super-

conducting Nb film. The fitting function is [13]; 

 

𝑆21 =
−𝑄𝑇

2𝑄𝐿
−  

𝑄𝑇

2𝑄𝐿

((
1

𝑄𝑇
)

2

−(
𝜔

𝜔0
−

𝜔0
𝜔

)
2

−2i(
𝜔

𝜔0
−

𝜔0
𝜔

)
1

𝑄𝑇
)

(
1

𝑄𝑇
)

2

+(
𝜔

𝜔0
−

𝜔0
𝜔

)
2   

where  =2f, is the angular frequency,  0 = 2fpk, and QT
-1= 

QL
-1+Qin

-1. These data show Qin increasing steadily from ~20 at 

8 K, the highest T dataset that was fit-able, to 1210 50 at 1.4 

K although Qin has still not completely saturated.  Notably, Qin 

 400 at 4 K and shows a strong temperature dependence.  Ex-

trapolating to frequencies ~100 GHz, where the wavelength is 

~ 1 mm, requires taking the frequency dependence of the atten-

uation into account. Solutions for scaling attenuation are avail-

able from the two-fluid model and the Mattis-Bardeen model 

Fig. 2.  Microwave transmission measurements of the Nb microstrip resonator  

at 4 K, 6 K, and 7 K. 

Figure 3.  Resonant frequency fpk versus temperature T. Blue squares show 

data obtained in the dipping probe, red + show data obtained in the 1 K pot 

cryostat. Inset:  Internal quality factor Qin versus T. 
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[5]. The two-fluid model predicts attenuation scales ~ 2 for all 

. The more realistic Mattis-Bardeen model [5] predicts atten-

uation ~ 2 for  <<  but for frequencies nearer the gap atten-

uation scales more like ~ .  This suggests the Qin will drop 

proportionate ~  or by approximately 30 to 100 for f ~ 100 

GHz. Since Q represents the fractional attenuation of the signal 

per wavelength of propagation, we expect SFQ signals will 

propagate ~ Q wavelengths. Since Qin = 400, even scaling atten-

uation up by 100x would allow ~ 4 mm of signal propagation.  

This level of loss would not degrade cross chip signal transmis-

sions using PTLs. For clock frequencies closer to 10 GHz, 

losses in this Nb at ~ 4 K due to residual surface resistance are 

low, but not negligible. However, since clock lines can carry 

significant power, fractions of a dB should be accounted for.  

Finally, the strong gradient of Qin with T means local warming 

will exacerbate losses. 

IV. DISCUSSION 

 

The strong dependence of fpk on T is tied to the large kinetic 

inductance of the microstrip line. Geometry and the resonator 

length suggest resonance would occur at fg ≈ 5.4 GHz if the Nb 

film were a lossless metal that did not exhibit kinetic induct-

ance, Lk. The kinetic inductance fraction [14] of the Nb line, = 

1 - (fpk/fg)2  0.58 at 1.4 K, is much higher than expected for Nb. 

Correspondingly, the characteristic impedance of the line is 

higher, Z = 24 Ohms, and the propagation velocity of light is 

lower, vp = 0.36 c than would be the case in the absence of Lk, 

where c is the speed of light in vacuum.   

 
Fig. 4.   Inductance per unit length, L0, extracted from fpk measurements. The 

asterisks (*) were measured in a 4 K dip probe.  The X (X) are data measured 

in a 1 K pot cryostat.  Diamonds are L0 data minus the geometric inductance 

determined at 1.4 K. The dashed line is calculated using Landau-Ginzburg the-

ory. Inset:  Linear scale plot of L0 between 2 K and 6 K. 

The inductance per unit length, L0 in pH/m, is plotted 

against T in Fig. 4. The values of L0 were calculated from the 

fpk vs. T data in Fig. 3 as follows; the signal propagation veloc-

ity, vp = l fpk, where, on resonance, the wavelength equals 

twice the length of the resonator, l.  Then, 𝐿0 = 𝐶0
−1𝑣𝑝

−2,   and 

C0 = 0.188 fF/m2 is measured from capacitance test structures 

on the same wafer at room temperature and is assumed 

temperature independent. The coupling capacitances change the 

effective length of the resonator slightly and have been ac-

counted for.  At the lowest temperature of 1.4 K, L0 = 0.215 

pH/m but rises rapidly with T to 7.68 pH/m at 8.35 K. 

 Fig. 4 also shows the calculated kinetic inductance per unit 

length (dashed line) using the Landau-Ginzburg (LG) derived 

equation, Lk = 0 2/A  where A is the cross sectional area of the  

micro-strip transmission line and 0 is the permeability of free 

space. The standard LG form [15] for the temperature depend-

ence of the London penetration depth, 𝜆(𝑇) = 𝜆0/
√1 − (T 𝑇𝐶⁄ )4 is used where Tc = 8.38 K is used and  0 = 180 

nm provides a good match to our Nb. The somewhat large 0 is 

supported by examining in plane magnetic field dependence of 

Josephson junctions made in this process. 0* = 90 nm is a typ-

ical number reported for Nb thin films [16], indicating that our 

Nb is somewhat atypical. Note that the Lk curve is not a rigorous 

fit to our data, but matches the extracted Lk  well.  Lk is deter-

mined by subtracting the geometric inductance, Lg = (1-) L0 at 

1.4 K, from the raw L0 and is shown by diamond symbols on 

Fig.4.  Also, changing 0 moves the calculated LG curve shown 

in Fig. 4 up or down but doesn’t change its shape.  Lower values 

of 0 would thus give lower and are less sensitive to temper-

ature. 

A possible factor in the large observed  could be the Al etch 

stop layer used in our fabrication process. The Al etch stop layer 

allows reliable etching of Josephson junctions from the 

Nb\TaxN\Nb trilayer deposition. In this micro-strip resonator, 

Al forms the surface of the ground plan and so any unoxidized 

Al will be only a proximity superconductor at 4 K, and thus 

contribute to a large Lk and lower Qin. 

Inductance is a key design parameter in SFQ circuits.  Induct-

ance fluctuations can change the way a circuit works and should 

be taken into account in design.  The inset of Fig. 4 plots the 

data in the range from 2 to 6 K around a probable 4 K working 

point.  We see a change in L0 from 0.21 pH/m at 1.4 K to 0.27 

pH/m at 6 K, a change of 19 %.  Considering that SCE could 

run on a cryocooled system at ~ 3 K or in helium at ~ 4.2 K, 

such variations should be allowed for in the design process, alt-

hough the range between 3 and 5 K shows a smaller 9 % 

Fig. 5.  Upper panel: Signal propagation velocity, vp/c versus T.  Lower 

panel: impedance, Z versus T. Both data sets are calculated from fpk data in 

Fig.3. 
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variation. Finally, it is worth noting that the value of L0 found 

here at 1.4 K is close to that calculated by Chang [17]. 

The large change in the inductance of the Nb microstrip line 

is also reflected in other important electronic parameters. Fig. 

5, shows the characteristic impedance of the line, Z, in the lower 

panel. Z = (L0/C0)1/2 = (1/C0
2p

2)1/2 is calculated from the data 

in Fig. 3 where C0 = 0.188 fF/m2. A slower variation of Z from 

23.8 Ohms to 26.8 Ohms occurs across the 2 K to 6 K applica-

tion range. The propagation velocity as a fraction of the speed 

of light, vp/c, is plotted in the upper panel of Fig. 5.  vp drops 

from 0.37 c to 0.33 c between 2 K and 6 K.  Assuming vp at 3.5 

GHz can be extrapolated to SFQ pulses at ~ 100 GHz, such var-

iations should be noted because of the impact on signal timing 

when long transmission lines are used.  

V. CONCLUSION 

 

We have discussed measurements of Nb superconducting 

resonators as a function of temperature.  We find that our Nb 

microstrip resonators shows dramatic reduction in resonant fre-

quency as T increases towards Tc. This structure was used to 

extract inductance per unit length.  We point out that the induct-

ance shows a 9 % increase between 3 and 5 K and a significant 

(~19%) increase between 2 K and 6 K and that as inductance is 

a critical circuit parameter in SCE, such variations with temper-

ature should be taken into account in cell libraries. Over the 2 

to 6 K T range, both Z and vp vary by 11 %. Nb films with 

shorter London penetration length, higher Tc, or other super-

conducting films with higher Tc e.g., NbN or NbTiN would al-

leviate this problem and show less temperature sensitivity op-

erating near 4 K. Finally, the losses in our Nb at 4 K at 3.5 GHz 

indicate signals propagate ~ 400 wavelengths during 1/e atten-

uation, much further than typical chip sizes. This number sug-

gests that clock lines and ac bias lines, which carry significant 

power can deposit non-negligible heat into SCE chips. Low 

power SCE technologies and reversible computing technolo-

gies should account for this in their power budgets. 
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